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Abstract Antifreeze proteins (AFPs) are ice-binding proteins that depress the freezing
point of water in a non-colligative manner without a significant modification of the melting
point. Found in the blood and tissues of some organisms (such as fish, insects, plants, and
soil bacteria), AFPs play an important role in subzero temperature survival. Fish Type III
AFP is present in members of the subclass Zoarcoidei. AFPIII are small 7-kDa—or 14-kDa
tandem—globular proteins. In the present work, we study the behavior of several physical
properties, such as the low-frequency dielectric permittivity spectrum, circular dichroism,
and electrical conductivity of Fish Type III AFP solutions measured at different
concentrations. The combination of the information obtained from these measurements
could be explained through the formation of AFP molecular aggregates or, alternatively, by
the existence of some other type of interparticle interactions. Thermal stability and electro-
optical behavior, when proteins are dissolved in deuterated water, were also investigated.
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1 Introduction
Antifreeze proteins (AFPs) are found in the blood and tissues of organisms that live in
freezing environments, which is a product of their cold adaptation processes to defend their
tissues from freezing injury. In these organisms, ranging from fish to bacteria, the effect of
freezing is retarded, or the damage incurred upon freezing and thawing is reduced. AFPs
can protect organisms from freezing by binding to ice and inhibiting its growth and
recrystallization. The water solution of AFP exhibits a non-colligative freezing temperature
depression. This is a result of its ice-binding ability, which inhibits the growth of embryo
ice crystals that naturally emerged in the supercooling water [1].
This adsorption–inhibition mechanism operates at the ice surface to cause a
nonequilibrium lowering of the freezing point below the melting point (thermal hysteresis).
Adsorption requires a specific interaction between the ice-binding site of the AFP and a
structural feature of the ice lattice. Both hydrophobic interactions and specific hydrogen
bonds have been suggested to explain this binding [2–5]. It has been proposed that
adsorbed AFPs restrict ice to growing between the bound proteins with a local surface
curvature [6]. The increased surface area and curvature make it energetically less favorable
for water to join the lattice and results in a local (nonequilibrium) depression of the freezing
point. It has been suggested that cooperative interactions between AFPs on the ice surfaces
are required for complete inhibition of ice crystal growth [6].
Although AFPs have been studied for more than 20 years, the precise mechanism by
which they inhibit ice growth is still unclear. Unlike enzymatic proteins that can often be
cocrystallized along with their ligands, there is no direct way to investigate the molecular
interactions between AFPs and the growing ice crystals.
Because such a unique inhibitory function of AFP exhibits a high potential for
cryoindustrial and cryomedical usages—such as cryopreservations of tissues and cells,
improving storage of food, blood, tissues, and organs, cryosurgery, protecting crops from
freezing, and maintaining the texture of frozen materials; it becomes more and more
significant to achieve a detailed understanding of its ice-binding mechanism.
Fish Type III AFP (AFPIII; one type of fish antifreeze protein) is present in members of
the subclass Zoarcoidei. AFPIII is a small 7-kDa—or 14-kDa tandem—globular protein
with a compact structure of dimensions 24×26×40 Å in which the overall fold comprises
numerous short β-strands and one turn of α-helix [7, 8]. It has been reported that the
protein surface presents a dominant hydrophilic and a dominant hydrophobic region [9, 10],
which results in the self-assembly of proteins when concentrations reach a critical
aggregation concentration value (CAC) [9, 10].
The characterization of the interactions and the association state of AFPIII may be
essential in order to understand the functional mechanism by which it inhibits ice growth.
In this work, we study the behavior of several electro-optical properties, such as low-
frequency dielectric spectroscopy, circular dichroism (CD), and electrical conductivity at
different protein concentrations. The difference in the behavior of the electrical conductivity
above the concentration of 2.5 mg/ml may be due to the possibility that the molecules of
AFPIII start to aggregate into some hydrophilic-like cluster, as has been reported [9, 10].
The dielectric permittivity spectrum of AFPIII at concentrations above this critical
concentration shows the relaxation of a macromolecular dipole with an effective radius of
32 Å. Thermal stability and the behavior of electro-optical properties when proteins are
dissolved in deuterated water were also investigated. In these studies, we observe different
behavior when the protein is solubilized in D2O.
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2 Materials and Methods
The synthetic gene of the type III (isoform HPLC12) antifreeze protein from Macrozoarces
americanus was received from the Peter Davies group and modified to adjust the sequence
to the 1HG7 PDB entry. The protein was overexpressed in Escherichia coli and purified
from inclusion bodies in a standard procedure [11]. After washing the inclusion bodies with
Triton, the pellet was resuspended in a solution containing 2 M urea, 50 mM sodium
acetate, pH 4.0. Then, the solution was spun at 20,000×g for 10 min, and the supernatant
was charged on an SP column, washed, and eluted with a NaCl gradient.
The purified protein was dialyzed two times against distilled and deionized water and,
then, lyophilized. Solutions of AFPIII at different concentrations were prepared by
dissolution of the same lyophilized protein batch in H2O and D2O. The choice of working
in pure and deionized water (either H2O and D2O) was made because other works related to
the same protein were done in identical conditions [9, 10]. In this work, we use pure H2O
and D2O, both with an electrical conductivity value of 1 μS cm
-1. The concentration of
dilutions was determined from absorbance at 280 nm, using an estimated extinction
coefficient from the amino acid sequence of 1,490 M-1 cm-1, corresponding to absorbance
per milligram per milliliter of 0.212.
Solutions and solvent densities were measured with a DMA 46 density meter (Anton
Paar, Graz, Austria). Viscosity was measured using a digital Schott Geräte CT 1150
viscosity meter. Density and viscosity measurement of AFPIII solution in H2O at the
concentration used in this work do not show an appreciable difference from the values of
density and viscosity of pure water.
Electrical conductivity was measured with a Radiometer CMD3 conductivity meter.
The electrical conductivity σ of the sample can be written, on the basis of a simple
additive rule, as s ¼ Pi zij jeð Þniui, where each charged entity (protein, polyions,
counterions, and ions) contributes through its concentration ni, its charge zie, and its
mobility ui.
Dielectric measurements were made over a frequency range between 103 and 108 Hz
using a Hewlett Packard LF4192A Impedance Analyzer. Raw data from biological
samples usually include artifactual impedance at frequencies lower than 105 Hz due to
electrode polarization [12]. This effect is more notable when the proteins are dissolved in
high conductivity media. In order to minimize this effect, we use double-distilled and
deionized water of electrical conductivity of 1 μS cm-1 as dissolving media. Electrode
polarization effects at low frequency are corrected using the method proposed by Raicu et
al. [13]. The dielectric permittivity spectrum e′(w) was determined by the relation e′(w)=
K·Cs(w), where w=2pf is the angular frequency, K is the cell constant, and Cs the
capacitance of the sample.
CD spectroscopy measurements were carried out with a Jasco J-810 spectropo-
larimeter calibrated with (+)10-camphor sulfonic acid. Near-ultraviolet (UV) CD and
Far-UV CD spectra were collected in pure water or in pure D2O. Cells of 1.0 and
0.1 cm were used for near- and far-UV measurements, respectively. Data were acquired at
a scan speed of 20 nm min-1 and at least five scans were averaged. Finally, blank (water)
scans were subtracted from the spectra and values of ellipticity were generally expressed
in units of degree squared centimeter per decimole. Final protein concentration ranged
from 1.0 and 5.0 mg ml-1, and, in thermal unfolding experiments, concentration was
0.1 mg ml-1.
All measurements—except thermal stability experiments—were performed at 20°C.
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3 Results
The conductivity measurements of AFPIII dissolved in H2O and D2O are shown in Fig. 1A
and B, respectively. Changes in conductivity behavior around 2.5 mg/ml are related to the
different mobility of the charges. This effect may be due to the formation of self assemblies
of proteins around the CAC of 2.5 mg/ml. Another possibility for the explanation of
conductivity behavior is the non-ideality of the AFPIII solution because of the existence of
other types of interparticle interactions; in real solutions, even weak interparticle
interactions will cause a concentration dependence of the observed properties—this is
manifested as nonlinear behavior [14]. Comparing panels A and B in Fig. 1, we can observe
a different performance of the electrical conductivity for the protein dissolved in H2O and
D2O.
The dielectric method can bring valuable information for studies of the structure and
dynamics of macromolecular solutions. This is because it can investigate the relaxation
processes occurring in aqueous macromolecular solutions in an extremely wide range of






























































Fig. 1 Electrical conductivity σ
measurements of AFPIII
dissolved in: A H2O
and B D2O
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impedance of an appropriate device containing the sample to be investigated is measured as
a function of the frequency f of the applied electric field. Figure 2 shows the low-frequency
dielectric permittivity spectrum of AFPIII dissolved in H2O at a concentration of
3.5 mg/ml. The spectra show the relaxation of a macromolecular dipole. The experimental
data of the real part of the permittivity e′(w; polarization per unit of the applied electrical
field) is fitted with the Debye formula e0 wð Þ ¼ De 1þ w2t2ð Þ þ e1, where De ¼ e0  e1
is the dielectric increment, e0 the static permittivity, e∞ the infinite permittivity, and t the
dielectric relaxation time of the sample [15]. The best nonlinear fit parameters of the
experimental data are: Δe=3.23±0.15; t=9.88 10–8±1.04 10–8 s; and e∞=84.5±0.1.
The size of the macromolecular dipole can be estimated using the determined relaxation
time t in the relation of Debye, t=4pa3η/kT, where η is the viscosity of the medium in
which the macromolecule rotates—H2O in this case, k is Boltzmann’s constant, T is the
absolute temperature, and a=32 Å the effective radius of the macromolecular dipole
calculated when the macromolecule is considered to be spherical [16].
Figure 3 shows a ribbon diagram of AFPIII where the environment of the amino acid
residue Y63 (d<4.5 Å) is represented in sticks. AFPIII was spectroscopically characterized
to verify whether its tertiary structure was preserved in water, in conditions of virtually no
ionic strength. AFPIII has only one aromatic residue, Tyr63, which presents it as an
excellent probe to check the compactness and packing of side chains by near UV-CD
spectroscopy. In particular, it tests the interaction between the C-terminal element of the
chain and the rest of the molecule. It is important to note that Tyr63 has only 38.3 Å2 of
accessible surface area out of a total surface of 327.9 Å2 (nearly 11.7%). The CD spectrum
characterization of AFPIII is shown in Fig. 4. AFPIII in water showed a near UV-CD
spectrum compatible with the presence of a defined tertiary structure. Clearly, 8.0 M urea
obliterates the near UV-CD signals, showing that they are specific to tertiary structure.
Concentration variations of AFPIII, ranging from 1 to 5 mg/ml, do not lead to a substantial
change in its near UV-CD spectrum. This suggests that in the case of aggregate formation,
this will not alter the Tyr63 environment. The particular shape of the far UV-CD spectrum
of type III AFP was originally interpreted as a spectrum of an unstructured protein [17, 18].
In spite of this, the spectrum of type III AFP shows a native-absorption band between 215
and 230 nm, and it allows us to conduct unfolding experiments. It is important to note that
the far UV-CD spectrum results are similar in shape to that obtained by other groups in the
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Fig. 2 Dielectric permittivity
spectrum of 3.5 mg/ml of AFPIII
in H2O. The line connecting the
experimental points is the best
fit with Debye formula
e0 wð Þ ¼ De 1þ w2t2ð Þ þ e1
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Figure 5 shows the thermal stability of AFPIII in H2O or D2O at a concentration of
0.1 mg/ml. Thermal unfolding followed by far UV-CD of AFPIII in H2O led to a
remarkable increase in irreversible denaturation: near 70% of the native signal at 216 nm
was recovered when the solution returned to the starting temperature. Interestingly, in D2O,
we recovered essential 0% of the far UV-CD signal, showing that the denaturation process
is virtually irreversible in this condition. On the other hand, we observed in D2O a
significant increase in thermal stability (54.8°C vs. 50.5°C in H2O).
4 Discussion and Conclusions
The results described in this work allow for the study of the interactions and association
state of AFPIII in solution.
Electrical conductivity measurements of AFPIII dissolved in H2O and D2O show
nonlinear behavior. Changes in conductivity behavior may be related to the different
mobility of the charges around 2.5 mg/ml, or to the non-ideality behavior of the protein
solution. If the changes of the conductivity are only associated with the mobility of the




Fig. 3 Ribbon diagram of AFPIII.
N- and C-terminals are indicated
as N and C, respectively
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self-assembly of proteins around the CAC of 2.5 mg/ml. The other possibility for the
explanation of conductivity behavior is the existence of some other type of interparticle
interactions [14]; in this situation, the positions, orientations, and movements of the
particles are correlated, and this effect is manifested in the nonlinear relation between
conductivity and concentration.
The dielectric spectrum of AFPIII in H2O shows the relaxation of a macromolecular dipole.
Dielectric measurements allow the determination of a relaxation time t=9.88 10–8±1.04
10–8 s for the dipole that corresponds to an effective radius of 32 Å considering a spherical






























































Fig. 5 Thermal unfolding of
AFPIII in H2O (unfilled circles)
and D2O ( filled circles) followed























Fig. 4 Electrical dichroism
spectrum of the AFPIII
solutions: (___o___) 1.0 mg/ml
H2O; (—●—) 1.0 mg/ml
D2O; (
___Δ___) 3.5 mg/ml H2O;
(—▲—) 3.5 mg/ml D2O;
(___□___) 5.0 mg/ml
H2O; (—■—) 5.0 mg/ml D2O;
(——) urea unfolded
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aggregates. However, the form of the boundary between the water and the macromolecular
dipole may mean that the appropriate viscosity is different from the bulk value [20]. The
irregular nature of the protein surface may, for instance, introduce greater friction than
appropriate for the ball-bearing representation on which dielectric relaxation model is based
[20]; this would create a larger relaxation time than expected, and, in this case, the
macromolecular dipole may be attributed to the AFPIII monomer and its hydration shell. From
these results, both options are possible, and this question must await further investigations
involving direct methods for the determination of the association state of the AFPIII.
Differences in the behavior of physical properties—such as electrical conductivity and
thermal stability—were observed in this work when the Fish Type III Antifreeze proteins
were dissolved in H2O and D2O. It has been proposed that the replacement of H2O by D2O
decreases the solubility and increases the attractive intermolecular interactions of proteins
[21]. These results suggest particularities of the hydration of AFPIII which, in turn, pose an
interesting problem to address in further research.
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